EGF is a potent mitogen for a variety of cells in vivo and in vitro (1, 2) . Recent reports have shown that EGF is a trophic substance for gastrointestinal mucosa that promotes maturation of absorptive cells in duodenal explants (3) as well as enhances activities of several intestinal hydrolytic enzymes (4) and net calcium transport in suckling and weanling animals (5). The presence of EGF in high concentrations in human (6, 7) and rat milk, its resistance to acid (1, 9) and pancreatic enzyme hydrolysis (lo), and the presence of high affinity receptors for EGF in the small intestine (8) led us to postulate that EGF in maternal milk plays an important physiologic role in the ontogeny of the intestine.
To date, most studies evaluating the effects of EGF on the intestine have used pharmacologic doses of EGF in suckling pups consuming maternal milk. In an effort to evaluate the hypothesized physiologic effects of EGF on developing rat intestine, we developed an EGF deficient, artificial formula which could provide somatic growth similar to that of suckling animals (1 1, 12). Therein we describe our findings on glucose transport in pups fed the artificial formula with EGF and without EGF as well as anti EGF IgG. Results were also compared to control suckling pups, and suckling pups given twice daily subcutaneous injections of EGF from days 3-10 of life.
METHODS
Animal model. Sprague-Dawley rat pups were allowed to nurse for 3 days after birth. We had noted previously (13) that rat milk EGF levels were 8 + 2 ng/ml or less up to 4 days of lactation followed by a progressive increase to 38 + 7 and 51 + 9 ng/ml by 8 and 1 1 days of lactation, respectively. The pups were weighed and randomly assigned by paired weights to one of two groups: 1) a normally reared group remaining with lactating females in litters of eight to nine pups or 2) an artificially reared group receiving intragastric tube feedings. The first group was divided into subgroups of eight to nine pups each. Subgroup 1-B was given subcutaneous injections of EGF (0.1 pg/g body weight) twice daily and subgroup 1-A was given an equal volume of EGF vehicle twice daily. The second group was divided into four subgroups of six to eight pups each that received either (subgroup 2-A) an artificial formula without EGF, (subgroup 2-B) a physiologic dose (62 + 6 ng/ml) of EGF added to the formula, (subgroup 2-C) a pharmacologic dose (200 ng/ml) of EGF added to the formula, or (subgroup 2-D) no EGF but with, anti EGF IgG fraction (40 ng/ml) added to the formula, plus a subcutaneous injection of anti-EGF IgG 1 pg twice daily. Only 24 pups could be artificially fed at one time. Therefore, in order to make simultaneous comparisons, experiments were repeated with the control groups (groups 1-A, 1-B, and 2-A) on both occasions. The number of data points in these groups are therefore twice the number in each of the other groups.
The formula without added EGF had an undetectable level of EFG. On day I 1 of life (8 days of treatment), all rats were sacrificed and intestinal transport was studied.
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Artificia1,formula. Development of the artificial formula for tube feeding was derived from published data on rat milk composition ( 1 1, 12). Each 100 ml contained 159 kcal, 9.1 g protein, 3.5 g carbohydrate (2.2 g lactose and 1.3 g maltodextrins), and 12.03 g fat with mincrals and vitamins approximating that present in rat milk (1 1). The osmolality of the formula was 457 mosmol/kg by the freezing point method and 452 mosmol/kg by the vapor pressure method. The formula was prepared daily from powderded constituents. Details of the formula content and preparation are presented elsewhere (13) . No more than a 12-h supply was placed in syringes for infusion at any one time. Pups were weighed daily, and the infusion rate was adjusted according to the rate of weight gain.
Tube,feeding. Tube feeding was delivered through a silicone rubber catheter (Silastic, Dow Corning Corp, Midland, MI) with an internal diameter of 0.305 mm and an external diameter of 0.635 mm. The catheter was gently inserted into the stomach through the mouth and secured to the lip and head with cyanoacrylate glue which had been found not to alter normal pup growth when applied to the back of suckling pups. The pups were housed in individual styrofoam cups and floated in a water bath (37-40" C). The anogenital area was stroked every 3-4 h to stimulate voiding and defecation. Wood chips in the cups were changed daily. The formula was infused continuously by attaching the tubing to a syringe mounted on an infusion pump (Harvard Apparatus, Model 2265, South Natick, MA). Each pup received approximately 0.5 kcallg body weightlday (14). We had previously shown that adult glucose transport kinetics are reached by day 13-15 (25). Thus, to determine precocious development caused by EGF, pups were sacrificed on day 11. On day 11 of life (after 8 days of tube-feeding) the pups were killed, and intestinal glucose transport was determined.
Preparation ~f EGG. Mouse EGF was prepared from male mouse submandibular glands by the method of Savage and Cohen (15). It had full biologic activity, as assessed by radioreceptor assay (16) and stimulation of 3H-thymidine uptake by cultured human foreskin fibroblasts (1 7) as previously reported (1 8).
Submandibular glands were removed from adult male rats, and EGF was extracted and subjected to acidic Bio-Gel PI0 (BioRad Laboratories, Richmond, CA) chromatography (9). Rat EGF, as monitored by radioreceptor activity (16), was retarded on this column, but not to the extent of mouse EGF (9). Active fractions were pooled, lyophilized, and reapplied to the same column, reequilibrated and developed with 0.1 M NaC1, 0.02 M sodium phosphate buffer, pH 6.2. Active fractions were pooled and subjected to reverse phase high-performance liquid chromatography on a Cl8 column (Supelco, Bellefonte, PA) in a trifluoracetic acid-acetonitrile solvent system (22). The complete amino acid sequence was determined after reduction, carboxymethylation and cyanogen bromide cleavage, and the C-terminal sequence was confirmed using carboxypeptidase Y digestion (Mount CD, Lukas TJ, Orth DN, unpublished data). As reported by Simpson et al. (19) , rat EGF is a mixture of the 1-48, 2-48, and 3-48 peptides lacking the five C-terminal residues of mouse or human EGF.
Preparation of anti-EGG globulin. For the neutralization experiments, antibodies to EGF were raised in rabbits by injecting 10 fig purified mouse EGF emulsified in 1 ml complete Freund's adjuvant in multiple intradermal sites (20). Twelve high titer antisera were tested for their ability to bind rat EGF (a mixture of 1-48,2-48, and 3-48 rat EGF which were not readily separable) in standard EGF radioimmunoassay (21, 22). They were first tested for their ability to bind trace quantities of ','I-labeled rat EGF. Three antisera that bound appreciable amounts of labeled rat EGF were further characterized by comparing the ability of unlabeled rat and mouse EGF to compete with '251-labeled rat EGF tracer for antibody binding sites. One antiserum, R14, had the requisite titer, binding affinity, and total volume for these studies.
The anti-EGF IgG in antiserum R14 was purified by affinity chromatography Mouse. EGF was coupled to Sepharose CL-6B (Pharmacia Fine Chemicals, Piscataway, NJ) by a modification of the method of Cuatrecasas (23). One g of cyanogen bromide was added to 10 ml packed volume of Sepharose CL-6B in 20 ml water. The pH was raised above 1 1 and maintained until the reaction was complete, as indicated by no further liberation of acid. The temperature of the reaction mixture was maintained less than 20" C by adding small amounts of ice. After the reaction was complete, the mixture was diluted with 20 g of ice, and the gel was washed on a filter with 100 ml ice-cold coupling buffer (0.5 M NaC1, 0.1 M NaHC03, pH 8.5). Mouse EGF, 1 mg dissolved in 1 ml 10 mM HC1, was diluted with 1 ml coupling buffer, added to 1 ml packed volume of cyanogen bromideactivated Sepharose CL-6B suspended in 2 ml coupling buffer, and mixed slowly end-over-end at room temperature overnight. The gel was then packed into a small column and washed successively with 50-ml volumes of 0.5 M NaC1; 0.5 M NaCl, 2% acetic acid; 0.5 M NaC1; 0.5 M NaCl, 0.1 M Tris-HCI, pH 8.5; and radioimmunoassay buffer (63 mM Na2HP04, 13 mM disodium EDTA, 3 mM NaN,, and 0.1 % Triton x-100). The binding of mouse EGF to the activated gel, as measured by disappearance of absorbance at 280 nm from the coupling solution, was 84%. Twenty-five ml of antiserum R14 were added to the mouse EGF-Sepharose and incubated with gentle end-over-end mixing for 2 h at room temperature. The gel was allowed to settle briefly, most of the supernate was aspirated, and the gel was packed into a small column and washed with 50 ml phosphate-buffered saline followed by 10 ml saline. The column outlet was clamped, 2 ml Sorenson's glycine buffer (0.1 M glycine, 0.1 M NaCl, titrated to pH 2.5 with 0.1 M HCl) was added, the column top was stoppered, and the gel was suspended in the buffer by gentle endover-end mixing for 30 min at room temperature. The eluting buffer was drained from the column, which was washed with 3 ml of the same buffer. The combined eluate and wash was neutralized with 1 M NaOH. The amount of IgG recovered was estimated by absorbance at 280 nm, and its capacity for binding rat EGF was assessed by radioimmunoassay. The purification of anti-rat EGF IgG was approximately 160-fold, and 1 pg of the affinity-purified IgG was capable of binding at least 7.5 ng of rat EGF.
Measurements. Preliminary studies to develop the formula and method of tube feedings indicated that for at least 8 days weight gain with tube feeding was comparable to the weight gain in maternally fed pups. For this reason studies were begun on day 3 and continued until day 11. Animals were sacrificed by intracranial injections of 10% formalin, and the intestine was removed immediately, measured, and assayed for glucose transport characteristics.
Urine was collected by gently stroking the genital area and collection into 100 fi1 capillary tubes. Since no EGF is lost with storage, urine samples were kept frozen at -20" C and assayed simultaneously at the completion of the study.
Intestinal glucose transport. Because the intestines of pups less than 15 days of age are so friable, it was not possible to prepare everted gut sacs without sometimes severely damaging the villi. For this reason, the method of Batt and Schachter (24) was validated and used (25). The jejunum (12 cm of the small intestine distal to the first 8 cm of the small intestine) was used for the glucose kinetic studies. The bowel was removed and washed with ice-cold Krebs-Ringer phosphate buffer, opened along its mesenteric side, and cut into 10-12 pieces 1 cm long, excluding segments with visible lymph follicles. The intestinal sheets were kept in ice-cold continuously oxygenated (100% 0,) Krebs-Ringer phosphate buffer until incubation. They were then incubated in 25-ml Ehrlenmeyer flasks (four sheets per flask) containing 15 ml of continuously oxygenated Krebs-Ringer phosphate buffer, pH 6.5 (20 mM NaH2P04, 125 mM NaC1, 4.93 mM KCI, 1.23 mM MgS04, and 0.85 mM CaCl,). Unlabeled D-glucose, tracer amounts of 11-[l-'4C]-glucose (specific activity 53.4 mCi/mmol; New England Nuclear, Boston, MA), and I.-[I-'H(N)]-glucose (specific activity 10.7 Ci/mmol; New England Nuclear) were added to the incubation medium prior to incubation. L-Glucose was added to correct for fluid adherence and passive diffusion uptake of u-glucose (26). Incubation was performed in a shaking water bath (160 oscillation/min) at 0" C with continuous bubbling 100% oxygen. Continuous water bath shaking and oxygen bubbling minimized the unstirred water layer effect on 11-glucose transport kinetic parameters and maximum oxygenation. At the end of incubation, individual intestinal sheets were removed, washed for 10 s with ice-cold buffer, blotted gently on filter paper, weighed, and placed in scintillation vials containing 0.2 ml of 1 M NaOH. The vials were incubated in an oven (90" C) for 2 h to digest the intestinal tissue and allowed to cool at room temperature, and 0.2 ml of 1 M HCl was added. Six ml of scintillation fluid (ACS, Amersham, Arlington Heights, IL) was added, and I4C-and %-radioactivity was determined by double isotope counting and calculation technique (27).
To minimize the effect of variation between intestinal sheets from the same rat, two rats were killed simultaneously and intestinal sheets from both were mixed together in ice-cold phosphate buffer. BBMV transport studies. BBMV were prepared from jejunal segments of the rats using a modified divalent cation precipitation technique (28). Briefly, mucosal scrapings were homogenized and BBMV were precipitated with 0.1 M MgC12 and isolated by differential centrifugation. We have previously demonstrated the purity of the BBMV preparation for rats of varying ages (28). I>-Glucose transport was studied by a rapid filtration technique (28, 29). I>-Glucose transport was studied in the presence of inwardly directed Na' and choline gradients.
Statistical analysis. Kinetic parameters (k, and V,,,,,) of the saturable active transport system of D-glucose were calculated from direct fits of Michaelis-Menten plots (30). Differences were determined by paired Student's t tests between groups selected by the results of ANOVA.
RESULTS
C;zd length. Table 1 summarizes the differences in small intestinal length (between the pyloric and ileocecal junction) among the two groups of mother-fed and the three groups of artificially fed rat pups. EGF treatment of the mother-fed pups resulted in a significant increase in gut length. All the pups that were fed Table I . Gut length and glucose artificially showed increases similar to those seen in the EGFtreated mother-fed pups and there were no differences between any of the groups of artificially fed pups. It was not possible to weigh the intestines because the time required to flush them of retained milk and weigh them accurately would have compromised their viability for transport studies. Somatic growth and organ weights are detailed in a previous publication (1 3). Body weights (g) at sacrifice are as follows: group 1-A = 24 f 0.7; group I-B = 20 + 0.9 ( p < 0.05); group 2-A = 21 + 0.2; group 2-B (62 ng/mg) = 20 f 0.8; group 2-C (200 ng/ml) = 21 + 0.3; group 2-D = 22 + 0.3 (all group 2 pups were significantly less than group 1-A, but unchanged from group 1-B pups).
Urinary excretion of EGF increased from 4-6 ng/ml on day 4 to 38-5 1 ng/ml by day 10. This 6-to 8-fold increase was seen in all groups of pups as depicted in Table 2 . The tendency for EGF excretion to be higher in the mother-fed than the tube-fed pups was not statistically significant. . There were significant differences between the points after 2 min of incubation as reflected in the transport kinetics for both K, and V,,, (see Table 1 Fig. I) , and compares the findings in subgroup 2-A (tube fed without EGF) and subgroup 2-D (tube fed with anti-IgG EGF). There was no difference between any of the points in the tube-fed pups (TF . no EGF or T F + anti-EGF) and MF + EGF, except in the rate of glucose uptake. This is reflected by an increase in V,,, (Table I ) in the MF + EGF compared to all the formula-fed pups. The MF . control (group I-A) showed significant decrease in glucose uptake from 5-30 mM glucose from all the other pups ( p < 0.02). Not shown are the data from the tube-fed pups receiving EGF added to the milk (subgroup 2-B). Data from this group were not different from the other tube-fed pups. TIME ( m i n u t e s ) Fig. 3 . Results of glucose uptake in BBMV as a function of time.
There was a significant difference ( p < 0.02) in uptake at 1 min (the "overshoot") between tube-fed pups receiving 200 ng/ml EGF (solid triangles, broken line) and the tube-fed pups without EGF (solid triangles, solid line). There was no difference between any of the points between the mother-fed pups receiving subcutaneous injections of 0.1 Fg/g body weight EGF (open friangles, broken line) and those receiving 200 ng/ml of oral EGF, nor was there any difference between the mother-fed pups not receiving EGF (open friangles, solid line) and the tube-fed pups not receiving EGF.
Glucose uptuke./i.om gut sheets. Glucose uptake in the motherfed rat pups injected with EGF expressed as a function of glucose concentration was lower than that in control animals at concentrations of 1 and 2 mM glucose, but greater at concentrations above 10 mM (Fig. 1 ). There were no significant differences in glucose uptake among any of the three groups of artificially fed rat pups (Fig. 2) , nor were there any significant differences between any one of the artificially fed groups and the EGFtreated mother-fed group.
Both the V,,, and the K,, were significantly increased in the mother-fed EGF-treated pups as compared to all other groups (Table I) . However, only the V,,, was significantly increased in the artificially fed pups. The group of pups (subgroup 2-C) who received the pharmacologic dose of EGF (200 ng/ml) added to the formula did not have glucose measurements performed by the gut sheet technique.
Glucose transport in brush border memhrunes. The transient accumulation of D-glucose at the 1-min "overshoot" (second data point, Fig. 3 ) was significantly increased in the mother-fed EGF-treated and the artificially fed pups that received the pharmacologic oral dose of EGF. Equilibrium values at 5 and 10 min were similar for all groups. Glucose uptake in artificially fed pups that received a physiologic dose (65 ng/ml) of oral EGF was identical to that of group 1-B and group 2-A (data not shown).
DISCUSSION
Several investigations have demonstrated trophic effects of EGF on developing intestine (2-5, 3 1, 32), and the presence of EGF in human milk has been suggested to be of substantial importance in intestinal development (6, 32-34). To test the hypothesis that EGF in milk plays an important role in the ontogeny of the intestine during the first several days of life, we developed an EGF-deficient formula and gave it as the sole source of nutrition to a group of 3-day-old suckling rat pups for a period of 8 days.
We anticipated that the EGF-deficient formula would result in poor intestinal growth and decreased rate of glucose transport as compared to pups who were normally suckled or pups fed an EGF-containing, but otherwise identical, formula. In contrast to what we anticipated, all pups fed the artificial milk, with or without added EGF, showed increased intestinal growth and enhanced glucose uptake compared to the normally suckled pups. In fact, the degree of enhanced intestinal growth and glucose uptake was similar to that observed when normally suckled pups received a pharmacologic dose of EGF parenterally. The exception was that, whereas the pharmacologic dose of EGF caused an increase in both K, and V,,, for glucose uptake, tube feeding the formula resulted only in an increased V,;,,. This suggests that both the affinity for the glucose transporter and the activity or number of glucose transporters were altered by parenteral EGF administration. On the other hand, the affinity for the carrier was not altered by tube feeding. In support of this is the finding that a pharmacologic oral dose of EGF caused an increase in the magnitude of "overshoot" in glucose uptake by 5 
